Here we demonstrate a new microscopic method that combines atomic force microscopy (AFM) with fluorescence resonance energy transfer (FRET). This method takes advantage of the strong distance dependence in Fo Èrster energy transfer between dyes with the appropriate donor/ acceptor properties to couple an optical dimension with conventional AFM. This is achieved by attaching an acceptor dye to the end of an AFM tip and exciting a sample bound donor dye through far-field illumination. Energy transfer from the excited donor to the tip immobilized acceptor dye leads to emission in the red whenever there is sufficient overlap between the two dyes. Because of the highly exponential distance dependence in this process, only those dyes located at the apex of the AFM tip, nearest the sample, interact strongly. This limited and highly specific interaction provides a mechanism for obtaining fluorescence contrast with high spatial resolution. Initial results in which 400 nm resolution is obtained through this AFM/FRET imaging technique are reported. Future modifications in the probe design are discussed to further improve both the fluorescence resolution and imaging capabilities of this new technique.
Introduction
The last three decades have witnessed dramatic developments in microscopic techniques that have pushed resolution down to the atomic level. These advances have been lead by the development of the many scanning probe techniques, such as scanning tunnelling microscopy (STM) and atomic force microscopy (AFM). The popularity of these techniques has been driven both by their capabilities and their ease of use. Moreover, these techniques are compatible with operation under ambient conditions, which has opened applications in the biological sciences. AFM, in particular, has become a widely adopted tool for studying the sub-micrometre structure and dynamics in biological samples under physiological conditions (Ikai, 1997) .
AFM, however, remains limited because of the restrictions associated with contrast mechanisms based mainly on force, friction or, in limited cases, on the interaction between modified tips and the sample surface (Ikai, 1997) . In an attempt to combine the desirable attributes of light based microscopies with the high resolution force mapping capabilities of AFM, near-field scanning optical microscopy (NSOM) has been developed over the last two decades (Betzig et al., 1991; Pohl, 1991; Paesler & Moyer, 1996; Dunn, 1999) .
NSOM utilizes specially fabricated probes to conduct optical measurements with a spatial resolution beyond that possible using conventional optics (Betzig et al., 1991) . Moreover, a feedback mechanism is implemented to control the tip±sample gap, which results in a simultaneous force mapping of the sample surface, much like AFM. The simultaneous collection of both high resolution optical and topographical information seems to be particularly well suited for the biological sciences (Betzig et al., 1993; Dunn et al., 1994; Enderle et al., 1997) . However, because of the forces involved in the NSOM force imaging, progress has been slow in applying this technique to viable biological samples that are often characterized by extremely soft and fragile structures. This has motivated research efforts directed at overcoming these difficulties. Efforts aimed at reducing the spring constant of the probe, modifying the feedback method, or completely changing the imaging method have all been explored (Dunn, 1999; Anon, 1999) .
Recently, we demonstrated an approach for high resolution microscopy that took advantage of Fo Èrster energy transfer between a modified NSOM tip and the sample (Sekatskii & Letokhov, 1996; Heinzelmann et al., 1999; Shubeita et al., 1999; Vickery & Dunn, 1999) . This method takes advantage of the strong distance dependence in fluorescence resonance energy transfer (FRET) to limit the interaction region between a probe and sample. In this example, the acceptor dye of a FRET pair is attached to the end of an uncoated NSOM tip and the donor dye is located in the sample. Excitation through the NSOM tip, which is non-resonant with the acceptor dye, excites the donor dye located in the sample. As the tip nears the sample surface, non-radiative energy transfer from the excited donor dye to the tip bound acceptor dye leads to a new emission in the red. Because of the strong distance dependence in the Fo Èrster energy transfer, only those dye pairs in closest approach contribute to the FRET signal enabling high resolution imaging.
For biological applications, it is conceptually straightforward to couple this technique with AFM, which has been shown to be amenable with imaging soft biological specimens such as living cells (Ikai, 1997) . Experimentally, one needs only to attach the acceptor dye to the end of the AFM tip and excite the sample bound donor dye from the far-field. The strong FRET distance dependence will limit the region of the AFM tip accessible to energy transfer from the sample, thus providing high spatial resolution. Here we demonstrate this idea by coupling the FRET imaging technique with AFM.
Experimental
For the NSOM/FRET measurements, pulled fibre optic probes were coated with a monolayer of l-a-dipalmitoylphosphatidylcholine (DPPC) (Sigma, St Louis, MO) containing octadecyl rhodamine B chloride (Molecular Probes, Eugene, OR) as previously described (Vickery & Dunn, 1999) . For the AFM/FRET experiments, AFM tips were functionalized using a procedure adapted from a previous report (Ros et al., 1998) . Briefly, standard silicon nitride AFM tips were activated by dipping in concentrated nitric acid for 10 s. The tips were then silanized in a solution of 2% aminopropyltriethoxysilane (Sigma) in dry toluene for 2 h. Upon completion, the tips were removed from the matrix and washed with toluene. The tips were then placed in 1 mg mL 21 5-and 6-carboxytetramethylrhodamine, succinimidyl ester (5(6)-TAMRA, SE) (Molecular Probes) in 0.1 m sodium bicarbonate (pH ,8.3) and incubated overnight at 4 8C. All tips were washed prior to imaging.
For the NSOM/FRET experiments, a multilayer film of DPPC and arachidic acid was transferred onto a glass substrate using the Langmuir±Blodgett (LB) technique. The film consisted of a DPPC/0.50 mol% fluorescein monolayer, three layers of arachidic acid that contained no fluorescent dye, and another DPPC/0.50 mol% fluorescein monolayer. The sample therefore consists of two layers containing the FRET donor, fluorescein, separated by a spacer of approximately 4±6 nm. For the AFM/FRET measurements, an LB film composed of DPPC/2 mol% 5-octadecanoylaminofluorescein (Molecular Probes) was prepared in the phase coexistence region (Cadenhead et al., 1980) . The NSOM/FRET experiments were carried out as Fig. 1 . Fluorescence measurements taken using a modified NSOM tip while monitoring the donor emission (A) and acceptor emission (B). The sample consists of a multilayer film in which the upper and lower monolayers, containing the donor dye, are separated by three spacer layers. Monitoring the donor emission in (A) therefore contains fluorescence contributions from both sides of the multilayer film. By monitoring the emission from the tip, however, the strong distance dependence in energy transfer yields contrast in the emission image shown in (B). Domains indicated by arrows either lose intensity, indicating that they are located on the bottom layer of the film, or gain intensity which suggest they reside in the uppermost monolayer of the film where energy transfer to the tip is most efficient.
AFM/FRET FOR HR FLUORESCENCE MICROSCOPY 409 previously described (Vickery & Dunn, 1999) . For the AFM/FRET measurements, functionalized AFM tips were mounted into a Dimension AFM head that is utilized in conjunction with a modified Bioscope atomic force microscope (Digital Instruments). The atomic force microscope is mounted on an inverted fluorescence microscope (Zeiss Axiovert 135TV, Thornwood, NY) equipped with a Zeiss fluar 40Â (1.3 NA) oil immersion objective lens. The sample is mounted on a separate x-y closed-loop piezo scanning stage that raster scans the sample during the experiments. For the AFM/FRET experiments, the 458 nm line of an argon ion laser (Liconix 5000, Santa Clara, CA) excites the sample in an epi-illumination arrangement (see Fig. 2 ). Energy transfer from the excited donor molecules in the sample to the modified AFM tip leads to emission centred at 576 nm, which is collected from below using the same high NA objective lens. The collected light is filtered with a 590 nm (^5 nm) (Melles Griot, Irvine, CA) bandpass filter and imaged onto an avalanche photodiode detector (EG & G, Gaithersburg, MA) . The piezo scanning and data acquisition are controlled by a Digital Instruments Nanoscope IIIa control station and software.
Results and discussion
As an example of how FRET can be incorporated into an imaging technique, a DPPC monolayer containing the rhodamine dye was coated around the apex of a pulled fibre optic probe. Figure 1 shows the results from measurements taken using these modified tips to probe the structure of a multilayer film of arachidic acid incorporating the fluorescent donor dye fluorescein. To demonstrate both the FRET imaging mechanism and sectioning capabilities of this new technique, the sample was prepared with 0.50 mol% fluorescein in the bottom and top layers of the film, separated by three arachidic layers containing no dye. Light from the tip excites the fluorescein dye in the sample, which leads to the emission observed in Fig. 1(A) . Because the donor dye is located in both the bottom and top layers of the multilayered sample, this image reflects a convolution of these fluorescence signals. However, as the tip nears the surface of the film, efficient energy transfer from the excited donor in the sample to the modified tip is favoured from the top layer. This can be seen in Fig. 1(B) , taken in the same region of the film as Fig. 1(A) except now the emission from the tip is monitored. Many of the fluorescent features seen in Fig. 1 (A) are dramatically diminished in Fig. 1(B) , indicating they are associated with the bottom layer of the film, farthest from the tip. Other features are seen to brighten and sharpen in Fig. 1(B) , which indicates that they arise from energy transfer from the top layer of the film to the tip. It is important to stress that the bottom and top layers of the film containing the dyes are separated by, at most, 8 nm. The ability to distinguish optically between these closely spaced monolayers demonstrates one of the powers of this new technique.
To further explore the potential of this new imaging technique, Fig. 2 schematically illustrates the implementation of combining the FRET contrast mechanism with AFM. A polymer containing the acceptor dye, tetramethylrhodamine, is grown on the end of an amine functionalized silicon nitride AFM tip. The donor dye is located in the sample, which for this demonstration, consists of a DPPC monolayer doped with 2 mol% fluorescein. The donor dye is excited using the 458 nm line of an argon ion laser in an epi-illumination mode. The AFM tip is aligned with the excitation spot using the high numerical aperture objective lens and engaged to the surface using conventional contact mode AFM. Excitation from the far-field excites the donor dye in the sample whose emission is blocked from reaching the detector using bandpass filters tuned to the acceptor emission. As the tip nears the surface, non-radiative energy transfer from the excited donor to the acceptor takes place and leads to an emission in the red. This emission passes through the bandpass filter and is detected on the high quantum efficiency avalanche photodiode detector. Using this configuration and bandpass filters, no significant background contribution to the emission signal is observed from bare AFM tips. Figure 3 displays the results from experiments in which the donor dye was suspended in a monolayer film of DPPC. Fluorescence in this image marks locations at which there was efficient energy transfer from the donor to tip-bound acceptor dye. Large fluorescent domains are seen in the image, connected by smaller threadlike features that have been previously seen in similar lipid films. Cross-sections of the smaller threadlike features indicate a full-widthhalf-maximum of approximately 400 nm. NSOM experiments conducted in our laboratory on similar films, however, reveal these features to normally be much smaller. This dimension therefore probably reflects the resolution of the measurement and not the actual size of the sample feature. Figure 4 shows an electron micrograph of the polymercoated AFM stylus used to collect the image shown in Fig. 3 . The acceptor dye-containing polymer can be seen coating the entire pyramid-shaped stylus. Of particular interest is the very end of the tip shown in Fig. 4 . This is the region of the tip interacting with the sample and giving rise to the FRET signal through interactions with the donor dye. Apparent on the very end of the tip is an aggregate of the polymer with a diameter of approximately 400 nm. Interestingly, this corresponds to the resolution measured in Fig. 3 , which suggests that the limitation in the observed AFM/FRET resolution can be traced back to the physical coverage of the polymer/dye mixture on the tip.
Controlling the nanometric structure of the dye functionalized AFM tip is problematic, given the nature of the chemistry. However, the recent emergence of focused ion beam (FIB) techniques offers a promising avenue for sculpting the AFM tips into the desired structure following functionalization. As an example, Fig. 5 shows an electron micrograph of a functionalized AFM tip that has been modified using a FIB. The increased aspect ratio of the tip Fig. 3 . The apex of the tip is covered with a large polymer grain with a dimension of approximately 400 nm. This dimension correlates with the resolution seen in Fig. 3 , which suggests that the physical size of the polymer coating is limiting the resolution. Fig. 5 . Functionalized AFM stylus that has been machined using a focused ion beam instrument. Post-machining of the polymer-coated AFM tips may provide an easy route to controlling the tip geometry and enhancing the resolution in the AFM/FRET experiments. AFM/FRET FOR HR FLUORESCENCE MICROSCOPY 411 stylus and removal of unwanted excess polymer should provide more control over the force imaging capabilities of these probes and enhance the resolution in the fluorescence images. A complete study using these machined probes is currently underway.
Conclusion
A new method combining FRET with AFM is demonstrated for conducting high resolution fluorescence measurements. In this approach, the AFM tip is modified with a polymer containing an acceptor dye of a FRET pair. The donor dye is doped into the sample and excited from the far-field in an epi-illumination arrangement. Non-radiative energy transfer from the excited donor dye in the sample to the acceptor attached to the tip gives rise to a new emission in the red that can be detected separately from donor emission. The strong distance dependence of the FRET process results in energy transfer from only those dyes in closest proximity, leading to significant emission from only the very end of the AFM tip. This is demonstrated through AFM/FRET measurements that yield a resolution of approximately 400 nm, the size of the polymer structure at the AFM tip stylus. Future experiments utilizing FIB-modified AFM probes may provide a convenient and highly reproducible route to improving both the resolution and imaging capabilities of these probes. The incorporation of optical contrast mechanisms into AFM provides a promising new route towards subdiffraction limit fluorescence imaging of viable biological samples.
